Abstract Recent studies with Y satellite RNA (Y-sat) of cucumber mosaic virus have demonstrated that Y-sat modifies the disease symptoms in specific host plants through the silencing of the magnesium protoporphyrin chelatase I subunit (CHLI), which is directed by the Y-sat derived siRNA. Along with the development of peculiar yellow phenotypes, a drastic decrease in CHLI-transcripts and a higher accumulation of Y-sat derived siRNA were observed. To investigate the molecular mechanisms underlying the Y-sat-induced chlorosis, especially whether or not the reduced expression of CHLI causes the chlorosis simply through the reduced production of chlorophyll or it triggers some other mechanisms leading to the chlorosis, we have established a new experimental system with an inducible silencing mechanism. This system involves the expression of artificial microRNAs targeting of Nicotiana tabacum CHLI gene under the control of chemically inducible promoter. The CHLI mRNA levels and total chlorophyll content decreased significantly in 2 days, enabling us to analyze early events in induced chlorosis and temporary changes therein. This study revealed that the silencing of CHLI did not only result in the decreased chlorophyll content but also lead to the downregulation of chloroplast and photosynthesis-related genes expression and the upregulation of defenserelated genes. Based on these results, we propose that the reduced expression of CHLI could activate unidentified signaling pathways that lead plants to chlorosis.
Introduction
Plant viruses and viroids infect plants systemically and induce a spectrum of symptoms, including chlorosis and necrosis in localized and spread areas of the infected plants. These symptoms are very specific to a combination of the host and the virus. The mechanism of host-virus interaction responsible for such phenotypic changes has largely remained to be elucidated, although it evidently alters the morphological and physiological aspects of host plant cells including the reduced chlorophyll content, and the impaired chloroplast structure and function. The disturbance of chloroplast functions may be responsible for the production of chlorosis that is associated with virus infection [19] . Several plant-virus interaction studies have revealed that virus infection inhibits host photosynthesis, which is usually accompanied by viral symptoms [7, 9, 10, 16, 29] . Virus infection commonly causes chlorosis resulting into impaired chlorophyll biosynthesis and reduced photosynthetic activities that lead to a decrease in biomass production and significant loss in crop yield [44] . Until now, several attempts have been made to explore the precise molecular mechanisms underlying virally induced chlorosis but with limited success.
The role of different plant-pathogen factors responsible for structural and functional changes in chlorotic tissues of virus-infected plants has been studied. These changes include (1) variation in chlorophyll fluorescence and reduced chlorophyll content [3] , (2) inhibition of photosynthetic activity [17] , (3) disproportionate accumulation of photoassimilates [1, 23] , (4) alterations in chloroplast ultrastructure and functions [4, 25] , (5) downregulation of nuclear-encoded chloroplast and photosynthesis-related genes and proteins (CPRGs and CPRPs, respectively) [8, 21, 34, 35] , (6) direct binding of viral components with chloroplast factors [4, 33] , and (7) perturbation of photosynthesis by regulation of host miRNA expression [43] .
Viroids are smallest infectious agents having small, noncoding, highly structured genome. A similar type of RNA molecules, viral satellite RNAs, although lacking the ability to replicate autonomously, have also been described to have pathogenic roles. Despite their non-coding small genome, they can induce disease symptoms in host plants ranging from chlorosis and necrosis to complete death of infected plant [13] . Recent studies have shown that viroids and viral satellite RNAs can exploit host RNA-silencing machinery to modulate the viral disease symptom through the downregulation of CPRGs. Peach latent mosaic viroid (PLMVd) infects its natural host peach and causes albinism by depletion of chloroplast-targeted heat shock protein 90 (Hsp90C) through RNA interference mechanism [22] . A similar mechanism was reported in the pathogenesis of Y satellite RNA (Y-sat) of cucumber mosaic virus (CMV) in 14 species of Nicotiana plants including Nicotiana tabacum by two different research groups [34, 35] . These studies clearly demonstrated that the gene encoding subunit I (CHLI) of magnesium protoporphyrin chelatase (Mgchelatase), a chlorophyll biosynthetic enzyme, is involved in the development of unique yellow phenotypes in plants infected with CMV harboring Y-sat. Along with the induction of yellow phenotypes, a drastic decrease in CHLI mRNA level and a high-level accumulation of Y-sat derived siRNA were observed. Similar yellow phenotypes were observed in Arabidopsis thaliana (AtchlI) [30] , Zea mays L. (ZmchlI) [31] mutants and CHLI-silenced transgenic tobacco plants [26] .
Although all these studies suggest that the reduced expression of CHLI gene led to a peculiar yellow phenotype or chlorosis, it is still an open question whether the reduced expression of CHLI causes the chlorosis simply through the reduced production of chlorophyll or it triggers some other mechanisms leading to the chlorosis. Papenbrock et al. [26] demonstrated the reduced accumulation of light-harvesting chlorophyll-binding (LHC) proteins in transgenic tobacco lines with reduced Mg-chelatase activities. Those transgenic plants are, however, likely to have reduced Mg-chelatase activities since their germination and therefore, the reduced accumulation of LHC proteins could be attributed to a long-term effect of low Mg-chelatase activity during the development of plants. By contrast, in the case of virus-induced chlorosis, the development of chlorosis is likely to occur during shorter stretches of time.
It is important to analyze the progression of chlorosis after the reduction of CHLI expression in normally growing plants.
To address this question, we have established an experimental system to analyze the progress of chlorosis induced by the reduced CHLI gene expression. To this end, we employed artificial microRNAs (amiRNAs) designed to target CHLI mRNA and chemically inducible promoter. In this system, chlorosis could be induced in transgenic tobacco plants as in the previously reported inducible chlorosis systems, in which CaMV Tav [41, 42] and hairpin RNA of Hsp90C [5] are expressed in a chemical-inducible manner. The present system enabled us to analyze early events and temporary changes therein, revealing that CHLI silencing did not only resulted in the decreased chlorophyll content but also caused downregulation of CPRGs expression. Furthermore, the induced CHLI silencing activated the expression of defense-related genes. Based on these results, we propose that the reduced expression of CHLI could activate unidentified signaling pathways that lead plants to chlorosis.
Materials and methods

Design of CHLI-amiRNAs and construction of their inducible plant expression vectors
To generate an endogenous stem-loop backbone for the amiRNA transgenes, we selected widely used Arabidopsis thaliana miR319a precursor (AtmiR319a; Accession no. NR_142347). Initially, the 665 and 1586 bp fragments encompassing AtmiR319a precursor sequence were PCR amplified using genomic DNA as a template with two primer pairs, AtM319-845F and AtM319-1510R, and AtM319-499F and AtM319-2085R (Table S1 ), respectively. A 433 bp DNA fragment including the AtmiR319a precursor gene was amplified from the initial PCR products as a template by PCR using primers SsSl-M319F and M319-BlnR (Table S1) introducing SalI and BlnI restriction sites at upstream and downstream, respectively. The PCR product was cloned into Zero Blunt TOPO PCR cloning vector (Thermo Fisher Scientific, Yokohama, Japan) and sequenced, to give rise to the backbone vector pCRAtmir319-clone4.
Web microRNA Designer (WMD3) (http://wmd3.wei gelworld.org/cgi-bin/webapp.cgi) [24, 32] was used to design 21 nucleotides (-nt) amiRNA sequences targeting NtCHLI mRNA (GenBank Accession no. NM_001324838). Two best candidates of amiRNAs, CHLI-ami-1 and -2, suggested by the web service were selected and constructed. The constructs for amiRNAs that target CHLI mRNA was engineered by replacing the 21-nt regions of the natural AtmiR319 miRNA and its partially complementary sequence (miRNA*) by recombinant PCRs as described in WMD3 website. All PCRs were performed with GXL DNA Polymerase (Takara Bio, Kusatsu, Japan) in a volume of 25 ll according to the manufacturer's recommendation. The primer information and PCR protocols are given in Table S1 and S2, respectively. The CHLI-ami-1 and -2 fusion PCR products of 592 and 590 bp were gel purified, cloned into Zero Blunt TOPO PCR cloning vector, verified for sequences, excised with SalI and BlnI (Takara Bio) and ligated into the Dexamethasone (Dex)-inducible binary vector pTA7200 [2] at XhoI and SpeI sites, resulting into pGVG-CHLI-ami-1 and -2, respectively. Both amiRNA plant expression vectors were transformed into Agrobacterium tumefaciens strains GV3101.
Generation of transgenic tobacco lines expressing CHLI-ami-1 and -2
The leaf discs from N. tabacum cv. SR1 plants, aseptically grown on MS medium containing 0.8% agar without any vitamin or plant hormone were used as an explant. Agrobacterium-mediated transformation of tobacco leaf discs with A. tumefaciens harboring pGVG-CHLI-ami-1 and -2 was carried out according to Horsch et al. [12] . The primary transformants were selected on MS medium supplemented with 50 lg/mL hygromycin B (Hyg). All regenerated T 0 transgenic plants were genotyped for the presence of the transgene by PCR with GVGproF1 (5 0 -CCCTTCCTCTATATAAGGAA-3 0 ) and GVGterR2 (5 0 -CTGGTGTGTGTGGGCAATGAAA-3 0 ) primers using Extract-N-Amp Plant PCR Kit (Sigma-Aldrich, Japan) according to the manufacturer's instructions. The PCR positive transgenic plants (T 0 ) were grown to harvest T 1 generation seeds.
Screening of transgenic lines on selective medium
Mature T 1 seeds from PCR positive T 0 transformants were surface-sterilized and grown on a selective MS medium containing 50 lg/mL Hyg and 20 lg/mL Meropenem with or without 1 lM Dex (Nacalai tesque, Kyoto, Japan). After 2 weeks at 25°C under the 16/8 h light/dark cycle condition, the phenotype of the T 1 seedlings was observed. The transgenic lines that showed the segregation ratios of 3:1 for Hyg resistance and the chlorosis phenotype in a Dexdependent manner were selected for T 2 seeds production. The surface sterilized T 2 seeds from the selected transgenic lines were sown onto the same selective MS medium. Two weeks after sowing, the seedlings in the plates were observed for phenotypic changes. T 2 sublines that showed no segregation for Hyg resistance and reproducible Dexdependent chlorosis were used for the analysis.
Plant growth and induced expression of CHLI-ami-1 and -2
Seedlings of selected T 2 sublines of CHLI-ami-1 and -2 transgenic lines, which were grown on a wet filter paper containing Petri dishes for 1 week, were transferred to Jiffy 7 (Jiffy Products International, Kristiansand, Norway) and grown for additional 2 or 3 weeks. The plants received water on every alternate day with 1000 times diluted Hyponex 6-10-5 (Hyponex Japan, Osaka, Japan) solution once a week. To induce the expression of CHLI-ami-1 and -2, some plants received daily foliar applications of freshly diluted 50 lM Dex solution containing 0.01% (v/v) Tween-20 using a spray bottle, while other plants receive 2% ethanol solution containing 0.01% (v/v) Tween-20 in the same manner as a control (mock) treatment. The transgenic plants were monitored daily for the visible phenotypic changes and photographed. Also, leaf samples were collected for biochemical and molecular analyses at indicated days post-treatment (dpt).
Determination of total chlorophyll content
The leaf samples were collected for quantifying total chlorophyll content at 0 (before Dex treatment), 2, 5 and 7 dpt (Dex and mock treatments). Leaf tissues of about 100 mg were cut out from the leaf blade, weighed, frozen in liquid nitrogen in a centrifuge tube containing two 5 mm stainless steel beads, and ground to a fine powder by using tissue homogenizer (Microsmash; Tomy, Tokyo, Japan). 1 mL of 99.5% methanol was added to the powdered leaf tissue, mixed well with vortex, and centrifuged at 12,000 rpm for 10 min at 4°C to extract the pigments in leaf tissues. The supernatant was collected in a fresh tube and measured for the absorbance at 652, 665.2, and 750 nm using a spectrophotometer (UV-1800; Shimadzu, Kyoto, Japan). The total chlorophyll (a ? b) content (lg/mg fresh mass of leaf tissues) was calculated as suggested by Porra et al. [27] .
Quantitative real time-PCR
The leaf samples for total RNA extraction was collected at 2 dpt. About 100 mg of leaf tissues ground to the fine powder as described before. Total RNA was extracted using Sepasol-RNA I Super G (Nacalai Tesque, Inc., Kyoto, Japan) as described previously [42] . In order to remove the co-extracted genomic DNA from total RNA preparations, about 10 lg of total RNA was treated with the RNase-free recombinant DNase I (Takara Bio) in the presence of recombinant ribonuclease inhibitor (Takara Bio) followed by purification using Sepasol-RNA I Super G. Reverse transcription was performed with 2 lg total RNA using M-MuLV reverse transcriptase (New England Biolabs, Tokyo, Japan) with 50 pmol/ll random hexamer primer. For the expression analysis of pathogenesis-related genes and photosynthetic genes, primers for qRT-PCR analysis (Table S3) were designed using IDT online qPCR primer designing tool (https://sg.idtdna.com/Primerquest/Home/Index). PCR amplification was carried out with KAPA SYBR FAST qPCR master mix (Nippon Genetics, Tokyo, Japan) using an Applied Biosystems StepOnePlus Real-Time PCR apparatus (Applied Biosystems, USA) under the condition as follows: 95°C for 20 s, 40 cycles of 95°C for 3 s and 60°C for 30 s, and then 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s for melt curve analysis. Expression levels of all the transcripts were normalized against that of N. tabacum EF1a mRNA as an internal reference. The experiments were conducted with three biological replications, and each sample was tested in triplicates. The transcript level of target genes was calculated by comparative C T (DDC T ) method.
Histological analysis
For histological analysis, leaf tissue samples were collected at 7 dpt. Leaf samples were cut into 2 mm 9 5 mm pieces and fixed with fixative buffer (4% glutaraldehyde in 60 mM HEPES pH 7.0, and 0.125 M sucrose). After fixing the samples, incubation with Dalton's buffered 1% osmium tetroxide for 2 h at 4°C was performed. Subsequently, tissues were dehydrated with alcohol series and embedded in Spurr resin (Nisshin EM, Tokyo, Japan). Semi-thin sections (3 lm) were prepared from at least five resin blocks and stained with 0.2% toluidine blue solution and examined under a BX-43 microscope (Olympus, Tokyo, Japan).
Results
Establishment of inducible CHLI silencing systems
To establish a system in which the expression of CHLI gene can be silenced in an artificially inducible manner, we employed artificially engineered miRNAs designed based on an endogenous Arabidopsis miR319a precursor. Two amiRNAs (CHLI-ami-1 and -2) were predicted to target the same position (nucleotide No. 1332-1352 of NTGI.040111 in Nicotiana tabacum EST NtGI-7.0 database) in N. tabacum CHLI-mRNA with single nucleotide mismatch at their 5 0 end. The CHLI-ami-1 has a mismatch at 17th (C-C) nucleotide from the 5 0 end, and the CHLI-ami-2 has two mismatches at 16th (U-C) and 21st (U-U) nucleotides (Fig. 1a) . The sequences corresponding to miRNA and miRNA* in miR319a precursor gene were replaced with those of CHLI-ami-1 or -2 by overlapping PCRs. The resultant DNA fragments of CHLI-ami-1 or -2 were introduced into the Dex-inducible plant expression vector to obtain pGVG-CHLI-ami-1 and -2 binary vectors.
Agrobacterium harboring pGVG-CHLI-ami-1 and -2 binary vectors was used for plant transformation, which brought 14 and 9 transgenic shoots on growth medium containing Hygromycin, respectively. All the primary transformants (T 0 ) were characterized for the presence of transgenes by PCR (Fig. S1 ). The PCR positive plants (T 0 ) were grown to harvest T 1 seeds and the seeds from individual transgenic plants were screened on selective growth medium containing 1 lM Dex. The transgenic seedlings were observed for visible phenotypic changes until 2 weeks, and transgenic lines that showed clear chlorosis were selected for T 2 seeds production.
T 2 seeds from different T 1 plants of each transgenic line were tested for Hyg resistance and chlorosis development on the Dex-containing plates, and homozygous T 2 sublines were selected for further experiments. The non-transformed SR1 seedlings did not show chlorosis symptoms on both Dex-containing and Dex-free plates. The selected T 2 sublines, CHLI-1-11and CHLI-2-8, which harbor CHLIami-1 and -2 transgenes respectively, demonstrated the chlorosis phenotypes on Dex-containing plate but not on Dex-free plates, suggesting that the effect of CHLI-amiRNAs expression are stably inherited among the transgenic lines (Fig. 2) . The induced chlorosis phenotype in CHLI-1-11 was milder than those in CHLI-2-8 and iTav-3, which served as a positive control for inducible chlorosis [42] .
The CHLI-1-11 and CHLI-2-8 transgenic lines were examined for the expression of CHLI gene with or without Dex-induced expression of amiRNA transgenes. Threeweek-old T 2 seedlings from these transgenic lines, nontransformed SR1, transformed control Hsp90C-6 [5] , and iTav-3 lines were treated with or without 50 lM Dex. The expression analysis for CHLI-transcripts was performed with samples from 2 dpt. In SR1 and Hsp90C-6, we did not find any change in CHLI expression levels between Dex and mock treatments (Fig. 3) . In contrast, a significant decrease in CHLI expression levels was observed in CHLIamiRNA transgenic lines and iTav-3 (Fig. 3) . The results indicate that the Dex-induced expression of CHLI-amiRNAs successfully silenced the endogenous CHLI genes in CHLI-amiRNA transgenic lines. Downregulation of CHLI expression was also observed in iTav-3 line upon Dex treatment, which is consistent with our previous study, confirming that downregulation of CPRGs is a common phenomenon in virally induced chlorosis and the Tav-induced chlorosis in tobacco [42] .
Inducible silencing of CHLI gene expression in transgenic tobacco plants produces chlorosis symptoms
To verify the inducible chlorosis in the aforementioned inducible silencing system, the mock-and Dex-treated plants were monitored until 7 dpt. After Dex treatment, non-transformed SR1 and transformed control Hsp90C-6 plants did not show any phenotypic changes (Fig. 4a, b) . Whereas, the Dex-treated iTav, CHLI-1-11, and CHLI-2-8 transgenic lines showed chlorosis with a variable degree (Fig. 4c-e) . In addition to this, the mosaic-like phenotype was observed in iTav-3 (Fig. 4f) , as reported previously [42] . The chlorosis with patchy patterns with green dots in chlorotic leaf blades was observed in both CHLI-1-11 and CHLI-2-8 transgenic lines (Fig. 4f, g ). The transgenic line CHLI-2-8 showed severer chlorosis than CHLI-1-11 ( Fig. 4d-g ), which is consistent with the results of CHLI expression levels at 2 dpt (Fig. 3) .
To elucidate the progression of chlorosis in the inducible CHLI silencing system, the changes in the total chlorophyll content during the development of chlorosis was studied through a time course assay. The total chlorophyll content was determined before Dex treatment (Day 0), and at 2, 5 and 7 dpt of mock and Dex treatments. The visible b Schematic representation of pGVG-CHLI-ami-1 and -2 vectors used in this study. RB and LB, right and left borders; 6 9 UAS, six copies of the GAL4 upstream activating sequence and the -46 to ?1 region of the 35S promoter; 426 and 424 bp overlapping PCR products containing CHLI-ami-1 and -2, respectively; 3A, polyadenylation sequence of pea rbcS-3A; NOS-T, nopaline synthase terminator; HPT, hygromycin phosphotransferase gene; NOS-P, nopaline synthase gene promoter; E9, polyadenylation sequence of the pea rbcS-E9; GVG, a fusion gene of GAL4-binding domain, VP16 activation domain, and glucocorticoid receptor; 35S, Cauliflower mosaic virus 35S promoter chlorosis symptoms were observed in CHLI-amiRNAs transgenic lines only at 5 dpt but not at earlier time points. The statistically significant decrease in total chlorophyll content of iTav-3, CHLI-1-11 and CHLI-2-8 transgenic lines was recorded at 2, 5 and 7 dpt (Fig. 5a ). There was no significant change in chlorophyll content in SR1 and Hsp90C-6 lines at any time point. A remarkable decrease in total chlorophyll content in iTav tobacco line during early (between 0 and 2 dpt) and late (between 5 and 7 dpt) stages of chlorosis development was observed (Fig. 5b) . In CHLI-1-11 transgenic line, a marked decrease in chlorophyll content was observed during the middle (between 2 and 5 dpt) stage, whereas that in CHLI-2-8 line was observed during middle and late stages. These results suggest that the induced silencing of CHLI gene causes chlorosis to similar extents to iTav-3, although the onset of chlorosis is faster in iTav-3 than in the inducible CHLI silencing lines.
Histological changes in leaf tissues during the chlorosis induced by CHLI amiRNA
The leaf tissues from mock-and Dex-treated CHLIamiRNA expressing transgenic plants and non-transformed SR1 were observed under a light microscope at 7 dpt. After Dex treatment, SR1 did not show any histological changes (Fig. 6, SR1) . The typical structure of epidermal layer (upper and lower), palisade mesophyll and spongy mesophyll cell layers were seen with some intercellular spaces. In comparison to SR1, CHLI-amiRNA transgenic line showed significant characteristics in leaf cell morphology. Even without Dex treatment, the palisade and spongy mesophyll cell layers were found to be swollen. In Dextreated leaf tissues, however, a drastic reduction in chloroplast numbers in mesophyll cells and the disturbed arrangement of cell layers with lesser intercellular spaces was observed, suggesting that the induced silencing of CHLI gene affects the chloroplast biogenesis as well as the leaf morphogenesis. 
1.4
Fold expression changes CHLI * * * Fig. 3 Expression analysis of CHLI gene by qRT-PCR. Nontransformed control (SR1), control transformant Hsp90C-6, which did not produce any symptom after Dex treatment (Fig. 2) (Fig. 7a, b) . By contrast, there was no significant decrease in Hsp90C expression levels in both CHLI-amiRNA transgenic lines (Fig. 7c) . In iTav-3 plants, all three CPRGs were shown to significantly decreased in the expression levels ( Fig. 7a-c) . These results indicate that the expression of CPRGs are differentially affected during the chlorosis induced by different triggers, and suggest that Tav-induced chlorosis and that induced by CHLI silencing involve, at least in part, different pathways toward the loss of chlorophyll and chloroplast malfunctioning.
Induction of defense-related genes during the early phase of chlorosis induced by CHLI silencing
Previously, we have reported the induction of PR1a gene in iTav-tobacco plants shortly after the induced expression of CaMV-Tav transgene [41, 42] . Also, our recent study has demonstrated the drastic upregulation of PR1a gene during the chlorosis development in Hsp90C silenced transgenic tobacco [5] . To investigate whether it is the case in the present inducible chlorosis system with inducible CHLI silencing, we analyzed the expression of salicylic acid (SA)-responsive PR1a, ethylene-responsive PR4 [6] , and jasmonic acid (JA)-responsive SAMDC [28] at 2 dpt. Nontransformant SR1 and a control transformant Hsp90C-6 did not show activation of any defense-related genes upon Dex treatment (Fig. 8a-c) . Consistently with our previous reports [41, 42] , iTav-3 showed the upregulation of PR1a expression by 15-fold (Fig. 8a) . Surprisingly, PR1a expression was upregulated by 258-and 1222-fold in CHLI-1-11 and CHLI-2-8 transgenic lines, respectively (Fig. 8a) . PR4 was upregulated by 2.0-2.5 folds in CHLIamiRNA transgenic lines but not in iTav-3 (Fig. 8b) . Although the induction of PR4 was observed in iTav-3 in our previous reports [5, 42] , it was not observed in this study for some reason, suggesting that the induction of ethylene-responsive genes in iTav-3 could be affected by some growth condition. Because we observed clear chlorosis in iTav-3 in both previous and present study, the induction of PR4 gene expression is unlikely to be crucial for the induction of chlorosis. The upregulation of SAMDC was observed only in CHLI-1-11 transgenic line (Fig. 8c) . These results collectively indicate that in the inducible chlorosis system with CHLI silencing, some defense-related genes are upregulated during the development of chlorosis, despite that the system does not involve any pathogen-derived molecules.
Discussion
In the present study, we established an inducible system that expresses amiRNA targeting CHLI mRNA. In this system, CHLI mRNA levels and total chlorophyll content decreased significantly in 2 days, resulting in the development of visible chlorosis in 5 days. The present results are consistent with previous studies on the Y-sat-mediated pathogenesis of CMV [34, 35] . Similar chlorosis phenotypes were also observed in Arabidopsis thaliana [30] and Zea mays [31] mutants, and in CHLI-silenced transgenic tobacco plants [26] . The present experimental system has an advantage over the virus-infected plants, mutants, and the constitutively silenced transgenic plants in that it enables us to analyze early phase of chlorosis development, as manifested by the decreased chlorophyll content, the downregulation of CPRGs expression, and the induction of defense-related genes at 2 dpt, when the plants had not shown any visible sign of chlorosis development. As with the previously reported inducible chlorosis systems, iTav tobacco [42] and Hsp90C-hpRNA transgenic plants [5] , the present system would also serve as a promising tool to analyze precise mechanisms leading to leaf chlorosis. In this study, we selected two transgenic lines, CHLI-1-11 and CHLI-2-8. After Dex treatment, these lines produced a severe leaf chlorosis with green dots on leaf blades, growth suppression, shrinking of leaves and a significant decrease in total chlorophyll content (Fig. 4) . The results of chlorophyll content reduction in CHLI-amiRNA expressing transgenic lines were in agreement with previously reported in Arabidopsis ChlI mutants, ch42-1 and -3 [30] and CHLI-silenced transgenic tobacco plants [26] . The differences in symptom severity and the decrease in chlorophyll content were observed between CHLI-1-11 and CHLI-2-8, which might be due to the difference in the degree of silencing. This notion is supported by the expression analysis by qRT-PCR. The positive correlation between the downregulation of CHLI expression levels and symptom severity would reinforce our conclusion that the downregulation of CHLI expression caused the chlorosis. However, it is still unclear whether or not the difference in the nucleotide sequence of two amiRNAs, CHLI-ami-1 and -2, is responsible for the difference in the magnitude of silencing.
The expression analysis of CPRGs revealed that other CPRGs-RSSU and LHCa/b-were strongly downregulated in Dex-treated CHLI-amiRNA expressing transgenic lines at 2 dpt. In addition, a drastic elevation of PR1a expression levels was observed in both CHLI-amiRNAs expressing lines. Taken together, these results strongly suggest that the silencing of CHLI induces chlorosis, not through the simple decrease of chlorophyll biosynthesis but the activation of some plant responses. We have found the downregulation of CPRGs expression and the induction of PR1a expression in transgenic plants expressing Hsp90C-hpRNA [5] as well as in iTav-tobacco plants [41, 42] . The present results and these reports collectively suggest that a rapid downregulation of CPRGs and a rapid upregulation of defense-related genes are common pathways of chlorosis development.
Although the downregulation of CPRGs was shown to be a common event in two inducible silencing systems-CHLI-amiRNA-and Hsp90C-hpRNA-expressing transgenic plants-, the mechanism underlying these downregulation events remains to be studied. The findings are consistent with the previous observation in CHLI-silenced transgenic tobacco plants [26] . The silencing of Thioredoxin-F and M, which interact with and support the enzymatic activity of CHLI, resulted in the reduced expression of CPRGs and the chlorotic phenotype in pea plants [18] . Although the evidence is indirect in this case, it may support the idea that the downregulation of CHLI gives rise to the reduced expression of CPRGs. The gene encoding CHLH subunit of Mg-chelatase has been identified as the causal gene of Arabidopsis gun5 mutant, which expresses CPRGs in the absence of chloroplast development [20] , suggesting that perturbations of the tetrapyrrole biosynthetic pathway generate a signal from chloroplasts to the nucleus for regulating CPRGs. However, they also provided evidence that ChlI subunit of Mg-chelatase is not necessary for plastid signal transduction. Perturbations in tetrapyrrole biosynthesis and accumulation of tetrapyrrole intermediate, Mg-protoporphyrin IX, have been shown to negatively regulate the expression of nuclear genes encoding photosynthetic proteins in both algae and higher plants [15, [36] [37] [38] [39] . It is noteworthy that the Mg-Protoporphyrin IX signal is reported to be received by CUF elements in LHCa/b gene promoter and to lead the gene to downregulation [36] . Although the silencing of CHLI is most likely to play a major role in Y-sat-mediated CMV pathogenesis, the retrograde signaling systems would also have roles in the development of chlorosis. The inducible and synchronous system presented in this report would help us analyze the involvement of the retrograde signaling systems in the chlorosis development. Also, we propose that this system could be useful for studying the regulation of chlorophyll biosynthesis and chloroplast biogenesis.
Unlike other CPRGs, the expression of chloroplast molecular chaperone Hsp90C remained unaffected in our CHLI-silenced transgenic plants whereas it was downregulated to a greater extent in iTav-tobacco plants. Because Hsp90C has an essential role in protein transport into chloroplasts, the silencing of this gene could affect varying processes of chloroplast biogenesis [14] . By contrast, CHLI has a role only in chlorophyll synthesis, and therefore, the silencing of this gene would have a limited impact on chloroplast biogenesis. Although the Hsp90C genes have been shown to be a pathogenic target of PLMVd [22] and their silencing resulted in chlorosis development in transgenic tobacco [5] , the downregulation of the Hsp90C genes is unlikely to be one of the leading causes of chlorosis development in CHLI-silenced plants.
A drastic increase in PR1a expression was observed in CHLI-amiRNAs expressing plants as previously reported for Hsp90C-hpRNA transgenic plants [5] , suggesting that the PR1a gene activation is a common downstream event of the silencing of both Hsp90C and CHLI. Although the activation of SA pathway is anticipated in these two experimental systems, it remains unknown what in those transgenic plants activate the PR1a gene in the absence of any pathogen-derived molecules. Possible mechanisms underlying the PR1a gene activation would be the production of ROS in the chloroplast of CHLI-silenced plants.
As discussed before, CHLI-silencing could give rise to the accumulation of chlorophyll biosynthesis intermediate Mgprotoporphyrin IX, which reportedly produces 1 O 2 in plants [40] . Increased accumulation of ROS inside the chloroplast would give rise to the elevated level of SA [11] , which activates PR1a gene. On the contrary, we reported that the PR1a would be induced in Dex-treated iTav-tobacco plants through an SA-independent manner [41] . The upregulation of PR1a gene expression was much higher in CHLIamiRNAs and Hsp90C-hpRNA transgenic plants than in iTav-tobacco. Therefore, it is also possible that the mode of PR1a induction in iTav-tobacco differs from those in CHLI-and Hsp90C-silenced plants. It is of great importance to analyze comparatively the SA production in these three inducible chlorosis systems for elucidating the precise molecular mechanisms underlying the chlorosis development.
It should be noted that we found some morphological abnormalities in the leaf tissues of CHLI-amiRNA transgenic lines. In comparison with SR1, the Dex untreated CHLI-1-11 showed slight morphological defects, which could result from a leaky expression of the transgene [42] and a mild silencing of CHLI gene expression. However, it is unknown how the mild silencing of CHLI gene in those transgenic plants affects leaf tissue morphology. Unless treated with Dex, CHLI-amiRNA transgenic lines are healthy: they showed a comparable chlorophyll content to untransformed SR1 plants, passed through the developmental stages and finally bore seeds. In contrast, they developed clear chlorosis after Dex treatment, which enables us to study the processes during the development of chlorosis. Nonetheless, because of the aforementioned mild effect from the uninduced transgene, Dex-treated and -untreated non-transformed control plants should be analyzed in parallel with the transgenic plants in the future study as we have done in this report.
Expression of CHLI-targeting amiRNAs under the control of a chemically inducible promoter enabled us to establish a novel inducible chlorosis system. Basic characterization of this systems suggested that a rapid downregulation of CPRGs and a rapid upregulation of defenserelated genes are common pathways of chlorosis development as the previously reported systems did [5, 42] . Indepth comparative analyses of the regulation of CPRGs and defense-related genes, including the quantitative kinetic analysis of defense-related phytohormones, in these three inducible chlorosis systems would lead us to a better understanding of the mechanism underlying the chlorosis.
